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ABSTRACT 
Measurements of density j> , vlscosity^ 'K) and 
electrical conductance. A., for molten mixtures of Calcium 
nitrate tetrahydrate with Erbium chloride hexahydrate have 
been made as functions of temperature and concentration. 
Densities were least-squares fitted to a linear equation of 
the type y w a + bT where a and b are constants, and T is 
the temperature in absolute. 
The molar volume dependence of fluidity data and 
the temperature dependences of fluidity C'lJ ) and conduc-
tance data were least squares fitted to the Doolittle 
equation 
Y(^,JL) « A^ ExpMy/(V-V^)] (1) 
and the VTF equation " 
1 
Y ( K ^ ) » AyT 5" ExpC-ky/T-T^)3 (2) 
where A', k», V^, A , k and T^  are emperical parameters. 
Concentration dependences of these parameters have been 
discussed and the thermodynamic nature of T and V has been 
emphasized. The value&of the parameters T , V and Ai -A^ 
have been found to show linear dependence on concentration. 
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In the present system of study the molar volume, 
V_ and Intrinsic volume. V^, were found to be additive in 
nature. The values of the glass transition tonptrature* 
T computed are found to be independent of the methods of 
measurftpnents. The ratio of activation energies for fluidity, 
EL to those of conductance E^^ derived from the slope 
[i.e. d In y/d(l/T)] of Arrhenius plot are found to be more 
than unity. The Walden product, Jiw were calculated and 
discussed in understanding the magnitude of viscosity and 
conductance in such medium. 
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INTRODUCTION 
I—3 Physico-chemical investigation in molten salt 
systems reveals that the solute dissolves in molten salt 
2 3 
solvent either due to ionization or complex formation . It 
has been found that the temperature dependence of transport 
phenomena like diffusion, viscosity and electrical conduc-
tance in such a metal rich mixtures of molten salts system 
show a non-Arrhenius behaviour which could not be explained 
in terras of rate process theory . Batschinski interpreted 
the non-Arrhenius behaviour of fluidity by suggesting a 
linear increase in fluidity with the average free volume per 
molecule, v-, defined as 
V^ « V - V^ 
where v is the average volume per molecule in the liquid and 
v^ is the vander waals volume of the molecule. Doolittle 
established a relationship between fluidity and free volume 
in the light of Batschiniski equation and expressed as 
^ « A Exp[-bvyv^] (1) 
where b is a constant of the order of unity and V^ is the 
volume at 0®K, However, Cohen and Turn bull^ modified, the 
Doolittle equation to the form 
* « A»^^pC-kvv.vj (2) 
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where A* and k* are constants and V^ is the molar intrinsic 
volume when the free volume disappears. They interpreted 
diffusion and the glass transition in simple liquids on the 
basis that the molecular transport occurs by the movement 
of molecules into voids» with a size greater than some 
critical value» formed by redistribution of free volume. 
This is gnerally known as the theory of free volume model in 
which molecules are considered to be 'hard spheres' moving 
with the gas kinetic velocity, u and confined to a cage 
bounded by their Immediate neighbours. They derived an 
expression for the diffusion co-efficient as 
D « g a u exp[-YV /V^] 
« g a*(3kT/m)7 exp[-YV*/a \{T-T^)] (3) 
where g is the geometric factor a* approximately equals the 
molecular diameter, y is a numerical factor introduced to 
correct for overlap of free volume v* is the critical void 
volume Just large enough to permit another molecule to jump 
in after the displac^nent, V. is the average free volume, 
a and V^ are the mean values of co-efficient of thermal 
•xpaiision and molecular volume over the temperature range of 
interest, respectively, and T^ is the temperature at which 
o 
the free volume vanishes. Angell applied-Nerust-Einstein 
5 
and stokes re la t ions to equation (3) and derived an 
expression similar to that of Vogel-Tammann fouicher equa-
tion which i s of the form 
Y(A. • ) - A^,^ -T'^^^^pC-kj^ytT-To)] (4) 
where Y is either electrical conductance, jV or fluidity, 
^, A is constants characteristics of the transport processes 
and the chemical system, k is the universal constant viz., 
ki<^690 and k^^f^590 and T is a constant of the chemical 
system alone provided the external pressure is held constant. 
T has been called the 'Zero mobility' or 'ideal 
glass transition' temperature at the specified composition 
and interpreted as the temperature below which no further 
change in internal energy by means of re-arrangements of 
particles into configuration of lower potential energy are 
possible* For finite cooling rates the experimental glass 
transition Inevitably intervenes at temperature T (T >T^) as 
a kinetically imposed reflection of the reversible transition 
« 
which would occur at T^, Equations (3) and (4) have been 
applied extensively ^^»^^*"^^ to explain the transport 
properties in fused sa l t s and aqueous solutions. 
In the l igh t ©f the above the measurwroents of 
dientity, viscosi ty and e lec t r i ca l conductance of molten 
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mixtures of Calcium nitrate tetrahydrate and Erbium chloride 
hexahydrate have been under taken as functions of concentra-
tion and temperaturet The temperature and concentration 
dependence of fluidity and conductance data has been analysed 
in terms of the theory of free volume model in under standing 
the mechanism of transport phenomena in such medium. 
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EXPERIMENTAL 
Chemicals 
Purified and recrystallized Calcium nitrate tetra-
hydrate, Ca(N0-)2.4H20 (E, Merck, Germany) of AR grade was 
used as a solvent in molten state while Erbium chloride 
hexahydrate, ErCl-.dH^O (Koch-Light Laboratory, England) 
of AR grade was used as a solute. Pure and distilled quino* 
line (Riedel) was used to calibrate the dilatometer and 
viscometer. 
Temperature Control 
Preparation of samples and the measurements were 
made in a thermo-stated Glycerol bath in order to maintain 
a uniform temperature. The bath consists of an immersion 
heater (250 W), stirrer, check and contact thermometers 
[TGL 4850 NAV « 0.03A Un « 250 V (GDR)]. A relay [Jumo-
type NT 15,0 220 V « 15A (Germany)] was used to control 
the variations in temperature. The over all temperature 
stability was within + 0,1*^ C, 
Preparation of the Samples 
The binary mixtures of various concentrations were 
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prtpared by dissolving weighed amounts of ErClo^fiH^O in 
raolttn Ca(N03)2»4H20 in a thermo-stated bath maintained at 
7Q°C. ErCl«.6H20 was found to dissolve slowly in molten 
Ca(N02)2»'*H20. During the preparation of samples the chemi-
cals were handled with extra care in an inert atmosphere of 
pure and dry nitrogen in order to prevent the absorption of 
moisture. The prepared samples were stored in a vacuum 
desiccator containing anhydrous Calcium chloride. 
Density Measurements 
Densities were measured by using a dilatometer of 
approximately 2.95 cm capacity with graduated stem of 
10.0 cm length and 1,5 mm diameter. The stem of dilataneter 
was graduated in 0.01 ml divisions. The marks on the stem 
of the dilatometer were calibrated by making use of the known 
densitiec^^ of purified quinoline at the test temperatures. 
The volume changes in quinoline during calibration were 
recorded as a function of temperature. During calibration 
the lower meniscus of the known amount of quinoline in the 
dilatometer was made to coincide with each mark of the 
graduated stem by changing the temperature of the bath. The 
values of calculated volume of quinoline were plotted against 
the division on the stem of the dilatometer. The straight 
line obtained by the method of least-squares gave the total 
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volume of the dilatometer as well as the exact volume bet-
ween the two successive divisions of the graduated stem. 
The same procedure was repeated with different amounts of 
qulnollne. The observed densities on the basis of callb-
14 
ration were compared with those of the reported values • 
The accuracy of density measurement was found to be accurate 
within + 0.05><. 
A known amount of the molten salt sample was then 
transferred to the calibrated dilatometer with the help of 
a vacuum pump and the densities were measured by recording 
the volume changes as a function of temperature. 
Viscosity Measurements 
Cannon-Ubbelhode^^ viscometer was used for visco-
sity measurements. Purified qulnollne was used as the 
reference liquid for calibration. 
The viscometer consists of three parallel tubes 
i.e., receiving, measuring and auxiliary tubes for forming 
the suspended level arrangement in triangular fashion. The 
receiving tubes forms a 'U* with the measuring tube through 
a bulb D. Bulb A and another fiducial bulb B slightly below 
the forntr were sealed to the measuring tube. Two fiducial 
marks, a and b on the bulbs A and B respectively, were used 
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for recording the efflux time. The auxiliary tube was 
sealed to the receiving tube through a bulb C, In between 
the bulbs B and C there lies the capillary of approximately 
8»5 cm in length and 0.1 mm in diameter. It was designed 
in such a way that (i) the centres of gravity of the three 
bulbs A, B and C were aligned vertically to reduce the 
effect of acceleration due to gravity and (ii) the resulting 
efflux time for water was set above 80 seconds depending 
upon the dimension of viscometer so that the experimental 
errors were minimized. Special feature of a suspended level 
viscometer was that the capillary effects of the two liquid 
surfaces were neutralized by each other. So that the surface 
tension correction for the apparatus was negligible and the 
transport of momentum was carried out freely under the 
weight of the total volume of the test liquid. 
In order to measure viscosities the viscometer was 
clamped in a vertical position and filled with a required 
amount of the test liquid. The volume of the test liquid 
should be sufficient, so that no air bubble was introduced 
in the capillary tube while the fiducial bulb B was filled. 
Anhydrous calcium chloride tubes were attached to the open 
ends of the vis6ometer to avoid absorption of moisture. The 
viscometer containing the sample was allowed to stand in the 
thenao-stated bath for about 30-45 minutes before recording 
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the data so that the thermal fluctuation in the viscometer 
was minimized. 
The sample was then sucked into the bulb with a 
vacuum pump and allowed to stand there for about 45 minutes 
by closing the Calcium chloride tubes with rubber corks. The 
rubber stoppers were then removed from the tubes and the 
time of fall of the melt from the upper fiducial mark *a' to 
the lower mark 'b' was noted several times and the mean of 
the two concordant readings was determined at each set of 
temperature. The time of fall of liquid was measured with 
a stop watch accurate to +0.1 second. Then the viscosity 
\i of the melt was computed using the expression. 
\'-fp^ (a) 
vihBxe and t are the densi ty and time of f a l l r e spec t ive ly 
p i s the viscometer constant which remains almost indepen-
dent of temperature. The viscometer constant B was ca l cu l a -
ted by using the equation (a) and i t was found to be 
0.026 cS t / s ec . The overa l l accuracy of the v i s c o s i t y measure-
ments was estimated to be within + 0.12j<. 
Conductance Measurement 
The conductance measur«nents were made by using 
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Toshniwal conduct iv i ty bridge [Type CL 01.02A ( s e n s i t i v i t y 
+ 0,2j^)], The conduct ivi ty c e l l was a Pyrex U-tube with 
thfe arms connected by a length of 2 mm i n t e r n a l dieuaeter 
c a p i l l a r y and with p l a t i n i zed platinum e lec t rodes dipping 
in to the two arms. The c e l l was ca l ib ra t ed by measuring 
the conductance of 0 .1 demal KCl solut ion a t 25°C and found 
to be 1012.2834 cm"^. 
The melt was taken in the 'U' type conduct iv i ty 
c e l l , then the e lec t rodes were dipped in the c e l l and sus -
pended in the thermo-stated bath . E l e c t r i c a l connections 
were made between the conduct iv i ty bridge and the c e l l using 
shielded copper wi res . Care was taken to remove any a i r 
bubble s t i ck ing to the surface of the two platinum e l e c t -
rodes and to avoid absorption of moisture by the sample 
during the conductance measurements. 
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RESULTS AND DISCUSSION 
No chemical r eac t ions have been observed between 
Calcium n i t r a t e t e t r ahydra t e , Ca(N03)2.4H20 and Erbium 
chlor ide hexahydrate, ErCl2.6H20 in molten s t a t e . The dens i ty , 
f, v i s c o s i t y , Tj» ancl e l e c t r i c a l conductance, -^ of molten 
mixtures of Ca(N02)2«4H20 + ErCl2,6H20 have been measured as 
functions of concentrat ion and temperature. The temperature 
range of measurement i s 323-383 (K). 
The observed values of f have been found to be 
l i n e a r l y dependent on temperature and there fore , expressed 
in the form of an equation of the type, f = a+bT where a and 
b are constants and T i s the temperature in absolute sca le . 
The values of the parameters , a and b have been computed from 
the l ea s t - squa re s p l o t s of densi ty versus temperature and are 
given in Table I along with those of standard dev ia t ion . 
Both the v i s c o s i t y and e l e c t r i c a l conductance of 
molten mixtures for Ca(N02)2»4H20 + ErClg.dH^O has been found 
to increase with increasing concentrat ion of ErCl2.6H20. 
The observed values of e l e c t r i c a l conductance and 
f l u i d i t y , ^(-r)"*^) are given in Table I I . The logarithms of 
equivalent conductances and f l u i d i t y data have been p lo t t ed 
aga ins t 1/T in F i g . « l , I t I s seen tha t the p l o t s are non-
1^ 
Tabl« I t Parameters of density equation . 
Cation 
;tic 
.3+ 
fract on a -bxlO^ ( xlO^) 
Er^  
5.0 1.847 0.81 0.162 
10.0 1.868 0.85 0.164 
15.0 1.908 0.84 0.143 
20,0 1.918 0.85 0.132 
(g cm""^ ) « a + bT(®K). 
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Arrhenius in nature and therefore, the rate process theory 
fails to explain the temperature dependence of transport 
phenomena in the present system of study. Because the rate 
process theory demands temperature independent energy of 
activation. 
The molar volume, V , have been calculated by using 
m 
the observed values of density. The molar volume dependence 
of fluidity data has been least-squares fitted to Doolittle 
equation and the computed values of the parameters A*i, k'l 
and V I along with those of the standard deviation are given 
in Table II. Linear plots of In ^ versus 1/(V-V^) (Fig.-2) 
demonstrate the suitability of Doolittle equation in this case. 
Accordingly, the temperature dependences of |> and JL 
have been least-squares fitted to the Vogel-Tammann-Fulcher 
(VTF) equation based on the theory of free volume model. The 
best«fit values of the parameters A, , K and T^ computed both 
y y o 
from the fluidity as well as conductance data are listed in 
Table IVt. The reproducibility of best fit has been checked 
by choosing the minimum values of standard deviation, T' > 
where 
r(Y , -Y.,,. )^ 1 
r«[ ^^ P ;^^ j^ ^^ '^ 3? 
in which n is the itimlfrei' of data points. The values of<r 
for each «tt ©f fitting are included in Table liel. 
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Table III? Best f i t parameters of fluidity data for 
Doolittle equation. 
Mole 'A of A? fo V . Std. dev, 
g^3+ ^ ^ *^ in In kf 
5.0 2.0626 30.790 129.570 0.285 
10.0 2.356 36.377 130.980 0.008 
15.0 3.092 37.687 132.740 0.0904 
20.0 3.909 45.224 135,080 0.0168 
Ivt ^ 1 . 
Fig, 1. Arrhaiius plots of Conductance and viscosity 
for Ca i^O^)^ ^HgO - Er eij.eHjO melts. 
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Table II J Equivalent conductance (cm equiv'"'^ ohm ) and 
flaldity® (poise* ) data as functions of 
temperature and concentration for Ca(N02)2.4lij,0-
Concent-
rat ion 
T. °K 
323.15 
333,15 
343.15 
353.15 
363.15 
373.15 
383,15 
ErClg.SF 
5.0 
0.2326 
(0.7770) 
0.7014 
(1.2670) 
1.2086 
(1.9700) 
1,9548 
(2.8900) 
2.8443 
(3.9500) 
3.9120 
(5.1500) 
5.1950 
(6.4900) 
LO me l t s . 
10.0 
0.4629 
(0.7410) 
0.9972 
(1.2900) 
1.6699 
(1.9900) 
2.4954 
(2.9400) 
3,6421 
(4.0100) 
4.9469 
(5.3700) 
6.3332 
(6.8700) 
15.0 
0.4224 
(0.4470) 
0,9152 
(0.8270) 
1.5429 
(1.3900) 
2.3752 
(2.1500) 
3.3473 
(3.0800) 
4.6277 
(4.2100) 
5.6523 
(5.3600) 
20.0 
0.5856 
(0.3600) 
1.1057 
(0.7030) 
1.8386 
(1.1950) 
2.7707 
(1.8620) 
3.7934 
(2.78Q0) 
4.9484 
(3.8900) 
5.9378 
(5.2040) 
a Fluidity data within paranthesis. 
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The plots of in ^ T 5" versus l/CT-T^) and thos« of 
InJ^ T 2 versus a/(T-T^) (Fig.-g) show the applicability of 
VTF tquatlon in the present caii of study. 
It is evident from the Table IV that in one hand, 
the values of the parameters A and T are linearly depen-
dent on concentration (Fig,-ii|,) while those of k are 
independent of concentration. On the other hand, the values 
of A^ are found to be dependent oH the nature of methods 
while those of T are independent of the methods of measure-
ments. 
The conventional energy of activation, Ei and Ey^ 
have been computed from the derivatives, d In Y/d(l/T) of 
VTF equatidn and plotted as a function of temperature in 
Fig,-5, The energy of activation of transport have been found 
to decrease with the increase in temperature. This decrease 
in activation energy attributes to the expansion of free 
volume with the rise in temperature. The ratio of energies 
of activation of flow to the activation of conductance 
(Table V) hat been found to be constant i.e. Ei/Eyv. '^^ 1»18 
+ 0.01 over the entire range of concentration and temperature 
similar to those reported earlier . 
The concentration dependences of fluidity and equi-
valent conductance have been shown in Fig.-6. It is evident 
that the values of fluidity for Ca(N03).4H20 + EfCl3.6H20 
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molettn «ait system decrease with increasing concentration 
of ErClg.dH^O while those of equivalent conductances increase. 
The decrease in fluidity attributes to the complex formation, 
which eventually increases the viscosity due to the increase 
in the rigidity of the system. The increase in conductance 
is mainly due to the increase in the number of ions with 
increasing concentration of ErCl2.6H20, 
From Table-VI it is seen that the values of Walden 
product, ^-,» increase with increasing tenperature which 
indicates that the equivalent conductance dominates over 
viscous flow. While the j \ _ values increase with increasing 
concentration in which the viscosity seems to be the dominat-
17 —1/2 ing factor as the mean molecular mass , m ' decreases with 
the addition of ErClg.dHjO, 
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